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ABSTRACT
The controlled etching of graphite and graphene by catalytic hydrogenation is potentially a key engineering 
route for the fabrication of graphene nanoribbons with atomic precision. The hydrogenation mechanism, 
though, remains poorly understood. In this study we exploit the benefi ts of aberration-corrected high-resolution 
transmission electron microscopy to gain insight to the hydrogenation reaction. The etch tracks are found to be 
commensurate with the graphite lattice. Catalyst particles at the head of an etch channel are shown to be faceted 
and the angles between facets are multiples of 30°. Thus, the angles between facets are also commensurate 
with the graphite lattice. In addition, the results of a post-annealing step suggest that all catalyst particles
even if they are not involved in etching are actively forming methane during the hydrogenation reaction. 
Furthermore, the data point against carbon dissolution being a key mechanism during the hydrogenation 
process.
KEYWORDS
Graphene, graphene nanoribbons, catalytic hydrogenation, nanoparticles
Introduction
Since its isolation in 2004, graphene has been a 
subject of intense focus in both basic and applied 
research [1]. This is due to its remarkable electronic 
properties, such as its high electron mobility [2, 3], 
which potentially can give rise to a new generation of 
molecular electronics such as graphene-based field-
effect transistors and interconnects with high charge 
carrier mobility [4]. Owing to the fact that truly two-
dimensional graphene is a zero-gap semiconductor, 
its use in nanoelectronic devices necessitates the 
engineering of nanoribbons to introduce further 
confinement. The electronic properties of such 
ribbons can be controlled by their width and the 
crystallographic orientation [5 8]. Zigzag-edged 
nanoribbons can carry a spin current and, hence, can 
be used in spin-based nanoelectronic systems [9]. 
Armchair-edged nanoribbons show either metallic or 
semiconducting behavior as their width changes [6]. 
In addition, graphene nanoislands, such as triangular 
islands with well-defined zigzag edges, can show 
magnetic properties [10, 11].
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To take advantage of these properties, the 
precise engineering of graphene ribbons with well-
defi ned edge structure is a prerequisite to reduce the 
negative impact of edge effects [12 15]. Currently, 
state-of-the-art patterning of graphene structures is 
accomplished using electron beam lithography and 
etching techniques. However, they are limited in 
terms of the control afforded at the atomic level [7, 
8]. Chemical routes can also lead to the fabrication 
of graphene with desired shapes [4, 16, 17]. Recently, 
it was reported that graphene nanostructures can 
be processed in a controlled manner via catalytic 
hydrogenation, where thermally activated nickel 
nanoparticles act as knives to cut channels along 
specific crystallographic directions of graphene 
[18, 19]. This nano-engineering approach involves 
the dispersion of metallic nanoparticles onto a 
graphene or graphite sheet and their exposure to 
hydrogen at elevated temperatures. In this process 
the catalyst helps to dissociate molecular hydrogen 
which then reacts with carbon (from the graphene) 
to form methane, leaving an etch track behind. From 
previous studies it is well known that methane is 
the only product from this reaction [20, 21]. Catalytic 
hydrogenation has great advantages since it provides 
a means for the controlled cutting of graphene sheets 
with atomic precision to create structures of different 
shapes and sizes with defined edge structures. 
In contrast to the scanning tunneling microscope 
lithography technique, accurate etching along 
specifi c crystallographic directions is intrinsic to the 
hydrogenation process [14]. It also allows for greater 
angular precision at bends.
Etching of graphite by various metal and oxide 
particles has also been observed in atmospheres 
of oxygen [22 25], carbon dioxide and water [25, 
26], nitrous oxide [27], and hydrogen [20, 21, 28
33] where different catalyst actions, i.e., formation 
of etch channels or etch pits, were observed. 
Although catalytic hydrogenation reactions have 
been investigated for a long time [20, 22, 29
33] the hydrogenation mechanism itself remains 
controversial [19]. However, in order to be able to 
effectively utilize catalytic hydrogenation as a tool 
to design the desired graphene nanostructures, 
an improved understanding of the underlying 
mechanisms at the nanoscale is crucial. Two main 
hydrogenation mechanisms have been proposed in 
the literature. One is the so called interfacial hydrogen 
mechanism, where it is argued that the catalytic 
gasification of carbon occurs via the dissociation 
of molecular H2 on the metal particle. This is then 
followed by the migration of atomic hydrogen on or 
through the catalyst to the leading graphite catalyst 
interface and subsequently the reaction to form CH4 
takes place [22, 30]. An alternative proposal is the 
carbon dissolution mechanism which suggests that 
carbon atoms at the graphite steps fi rst dissolve into 
the catalyst and then diffuse through the catalyst 
and react with hydrogen at the catalyst surface [30
33]. Tomita et al. found that the larger the catalyst 
particle, the faster the channeling rate [20]. In contrast 
to this, Keep et al. found a linear dependence of the 
surface area of the channeling particle on the amount 
of carbon gasified which implies that reactions 
at the leading catalyst–graphite interface are not 
rate determining, and it is reactions at the particle 
surface that are rate determining [30]. The interfacial 
hydrogen mechanism is favored by most authors 
[21]; however, recent work related to the controlled 
cutting of few layer graphene provides support for 
the carbon dissolution argument [19]. Hence, more 
detailed studies are required to better comprehend 
the role of the catalyst particle in the hydrogenation 
process at the atomic level. 
Aberration-corrected high-resolution transmission 
electron microscopy (HRTEM) provides an excellent 
means with which to investigate the structural 
properties of this process, viz. to resolve the atomic 
structure of the carbon atoms and catalyst particles in 
order to elucidate the etching process. The emergence 
of aberration-corrected electron microscopes 
allows one to examine samples that are sensitive to 
knock-on damage (such as graphite) with a lower 
accelerating voltage, where knock-on damage is 
signifi cantly reduced, without the loss of resolution. 
In this contribution, the use of monodisperse gas-
phase prepared cobalt nanoparticles as the catalyst 
for the controlled etching of graphite/graphene via 
catalytic hydrogenation is presented. In addition to 
the hydrogenation treatment, we explored a post-
annealing step. The samples from these studies were 
697Nano Res (2009) 2: 695 705
investigated in detail using low voltage aberration-
corrected HRTEM. Our findings point to carbon 
provision occurring beyond simply the etching 
process at the head of a particle and provide new 
insight into this key engineering route for graphene 
device fabrication.
1. Experimental 
Cobalt nanoparticles were prepared by inert-gas 
condensation based on magnetron sputtering from 
a pure Co target in Ar or Ar/He atmosphere [34]. 
The particles were simultaneously deposited onto 
a graphite substrate as well as onto a carbon coated 
Cu grid for characterization via HRTEM prior to the 
hydrogenation process. For the hydrogen treatment, 
a graphite substrate with catalyst particles deposited 
on the surface was placed into a chemical vapor 
deposition (CVD) reactor, and the whole system was 
evacuated to 2 × 10–5 mbar. The CVD reactor was 
equipped with a movable oven (see Fig. S-1 in the 
Electronic Supplementary Material (ESM)). Initially, 
the system was heated to the desired reaction 
temperature (400 900 °C) and then flooded with 
60 mbar of hydrogen. At this point the oven was 
transferred over the graphite substrate, which then 
reached its preset temperature in approximately 30 
s. Dynamic H2 treatment (40 mL/min) was carried 
out for 5 or 30 min. The vapor was then rapidly 
evacuated from the system, the oven removed 
from the reaction region and water flushed over 
the reaction region of the quartz tube to provide a 
rapid reaction stop. In some cases an additional heat 
treatment in vacuum for 5 min was also carried out. 
During transfer of a particle sample from the particle 
deposition chamber into a microscope or into the 
CVD reactor, the particles were exposed to ambient 
air and may be oxidized. Further experimental details 
can be found elsewhere [34, 35] and in the ESM. Low 
voltage HRTEM was carried out using an FEI Titan3 
microscope with third-order spherical aberration 
correction, operating at an accelerating voltage of 80 
kV (i.e., below the knock-on damage threshold for 
graphite).
2. Results and discussion
The crystallographic etching of graphite/graphene 
is based on the catalytic gasification of carbon in 




This hydrogenation process can be induced using a 
variety of catalysts [18, 19, 29, 36]. In this study we 
use cobalt as the catalyst.
Figure 1 shows some typical TEM micrographs 
of Co nanoparticles that have etched channels into 
graphite during hydrogen treatment at different 
temperatures. In our studies, etch tracks were first 
observed at a 600 °C (Figs. 1(a) and 1(b)). This 
temperature is signifi cantly lower than that reported 
for Fe (900 °C) [18] and Ni (700 °C) [30]. As was 
Figure 1 TEM micrographs of etch tracks formed at different temperatures after a H2 treatment of 5 min. The track lengths 
increase with temperature and H2 treatment time. On the whole, tracks change directions with specifi c angles (30°, 45°, 60°, 90°, 
120°) commensurate with the graphite lattice. The tracks are terminated with a Co particle and the track width corresponds to the 
particle size
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found by others, the etch tracks were seen to always 
start at an exposed graphite edge (e.g., Fig. 1(a)) [20]. 
In general, the etch channels were terminated with 
a particle at the track front and the channel width 
corresponded to the catalyst particle size. The length 
of these linear cavities can be controlled by varying 
the reaction temperature and/or time (as confi rmed 
by hydrogenation treatment for 30 min). Comparing 
the track lengths in Fig. 1(b) (etching at 600 oC) with 
those in Fig. 1(c) (etching at 775 oC), it can be seen 
that the length depends on temperature. Further, 
they preferentially follow the 〈1120〉and〈1010〉
directions of the graphite lattice [20, 30]. When 
the etching direction changed (e.g., Figs. 1(b) and 
1(c)), bending angles of 30°, 60°, 90°, and 120° were 
preferred, commensurate with the graphite crystal 
lattice, which highlights the anisotropy of graphite 
etching.
In addit ion to these well -establ ished 30° 
quantized etching angles, we also found some 
bends with angles of 45° as clearly portrayed in the 
triangular etch pattern in Fig. 2(a). This observation 
is unexpected and we are not aware of any previous 
reports showing a bending angle of 45° (or other odd 
multiples of 15°). Figure 2(b) visualizes a possible 45° 
angle in the graphite lattice, demonstrating that an 
angle of 45° can indeed be obtained within the same 
graphene layer. Etching along〈1120〉directions is 
energetically preferred, i.e., bending angles of 60° 
and 120° are most prevalent [20]. The observation 
of 30°-quantization involves, for example, a change 
from a〈1120〉direction to a〈1010〉 direction. 
Thus, etching along specific energetically less 
favorable crystallographic directions in graphite is 
required [19]. This also holds for the 15°-quantization 
as obtained here. This additional possibility for 
the fabrication of straight graphene nanoribbons 
with predefined 45° edges, which requires a mix of 
armchair and zigzag edges (Fig. 2(b)), might provide 
new physical properties further enhancing the 
potential of graphene.
Previous studies at the atomic level using 
scanning tunneling microscopy (STM) investigated 
the etch tracks to determine the channel direction 
[19]. However, studies at the atomic level including 
the leading catalyst particle and their interface to 
graphite/graphene are lacking. To this end we use 
aberration-corrected HRTEM at 80 kV (i.e., below the 
knock-on damage threshold for graphite) to directly 
image the channels as well as the leading catalyst 
particle with atomic resolution to gain further insight 
into the mechanism of this reaction.
Figure 3(a) shows a typical Co particle at the track 
front. Fourier enhancement of TEM micrographs 
allowed the structure of the graphene track to be 
identified and the etch direction was determined to 
be [1010](Figs. 3(b) and 3(c)). A schematic view of 
the graphite lattice including its unit cell is given in 
Fig. 3(d). The crystallographic directions as well as 
the graphene/graphite edges are also highlighted. 
Using this method we were able to assign the [1010] 
direction (along armchair edges) as the etching 
direction in fi ve other cases; the [1020] direction (along 
zigzag edges) was only observed once. In the case of 
Ni nanoparticles etching graphite or 
few layer graphene, etching along 
the zigzag edges is most frequent [19, 
30]. According to Tomita et al. the 
ratio of the channels in the〈1120〉
directions to channels in the〈1010〉
directions is significantly higher for 
Ni than for Co [20]. However, very 
small Ni particles (<10 nm) seem to 
preferentially form channels along 
the〈1010〉 directions, potentially 
allowing one to tailor graphene 
nanostructures with specific zigzag 
or armchair edges [19].  In this 
Figure 2 (a) Example of an etch track in graphite with 45° degree angles; (b) visualization 
of the 45° angle in graphite
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study, Co nanoparticles exhibit an affinity towards 
channeling in the〈1010〉 directions. Hence, the 
choice of catalyst material (i.e., Ni particles >10 nm vs 
Co particles ≈10 nm) provides an additional means 
for edge control.
More interestingly, we have also analyzed the 
structure of the catalyst particles by HRTEM. The 
carbon hydrogenation process has been widely 
studied; however, the role of the catalyst is not 
completely understood and detailed studies on the 
catalyst particles are still lacking. This motivated us 
to conduct systematic TEM studies on the catalyst 
material before and after the hydrogenation process. 
The as deposited Co nanoparticles were found to be 
polycrystalline oxides (see Figs. S-2(a) and S-2(b) in 
the ESM). A simple heat treatment in vacuum led 
to coalescence of the particles, but no tracks were 
formed (Fig. S-2(c), ESM). Strong coalescence was 
also observed after a heat treatment in argon (Fig. 
S-2(e), ESM). This suggests that the particles are 
mobile on the graphite support. This is in agreement 
with work by Baker et al., in which different particles 
on graphite were explored in different atmospheres, 
including argon [37, 38]. In addition, H2 treatments 
at temperatures at or below 500 °C did not lead to 
track formation either (Fig. S-2(f), ESM). However, 
core–shell structures with a hexagonally close packed 
(hcp) Co core and an oxide shell became apparent, 
suggesting that the particles were reduced and 
partly re-oxidized. Short etching channels were 
observed after H2 treatment 
at 600 °C (cf. Fig. 1(a)). 
This  temperature  i s  in 
agreement with studies 
by Konishi et al. using Co 
to etch graphite [21]. With 
increasing temperature 
the channels increased in 
length as discussed above.
While  the untreated 
catalyst particles always 
formed polycrystal l ine 
oxides ,  the ir  s t ructure 
after  H 2 treatment was 
more diverse. During H2 
treatment it is often said 
that Co particles that are deposited close to graphite 
steps/edges etch carbon through a hydrogenation 
reaction and thus form etch channels, whilst Co 
particles resting on the flat basal graphite plane 
remain catalytically inactive and do not form etch 
channels [20]. However, this is not strictly true. 
These latter particles are also active if the reaction 
activation barrier for carbon, which is substantially 
higher for carbon in the basal plane than for carbon 
at steps, is overcome. An example is the formation of 
etch pits on the basal plane, e.g., in carbon oxidation 
studies [23, 39]. Our studies also point to etch-
inactive particles being catalytically active, as is 
discussed later on. Catalyst particles near the edge of 
a graphene layer interact with the dangling bonds at 
that edge. This interaction is stronger than with the 
graphene sheet underneath. Once in the presence of 
H2 the catalytic hydrogenation reaction commences. 
As the nanoparticle erodes the graphite sheet during 
this reaction it moves, maintaining maximum contact 
with the step edge, as this is energetically more 
favorable [21, 40]. Thus, the driving force for the 
particle movement is the removal of carbon atoms at 
the leading catalyst–graphite interface. Figures 4(a)
(c) show three HRTEM micrographs of particles 
that have created etch channels starting at graphite 
edges. With few exceptions, the particle “head” at the 
leading particle graphite interface was identified to 
be single crystalline or polycrystalline hcp Co. The 
hcp Co (100) and (101) planes corresponding to lattice 
Figure 3 Direct determination of etch direction from HRTEM: (a) HRTEM micrograph of Co particle 
at the track front; (b) Fourier enhanced TEM micrograph of the marked area in (a); (c) reconstructed 
image of the marked area in (b) produced by using a mask applied to the 2-D fast Fourier transform 
of the image; (d) Schematic view of the graphite lattice defi ning the graphite unit cell (yellow), the 
crystallographic directions and the zigzag and armchair edges. (Details of the carbon hydrogenation 
process: 775 °C, 5 min in 60 mbar H2, plus 5 min in vacuum)
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distances of 0.216 nm and 0.191 nm, respectively, 
are marked in each particle (Figs. 4(a) (c)). At the 
tail end the particles are always oxidized. Closer 
inspection of the TEM micrographs reveals the lattice 
planes of CoO (Figs. 4(a) (c)) and Co3O4 (Fig. 4(c)). 
For CoO the lattice distances 0.262 nm, 0.227 nm, and 
0.161 nm were identifi ed, corresponding to the (111), 
(200), and (220) planes, respectively. An even larger 
lattice distance of 0.286 nm was also found, which 
was assigned to the Co3O4 (220) planes. The oxide on 
the track end of the Co nanoparticles most certainly 
originates from oxidation after sample removal from 
the reactor; this is inevitable since those regions are 
not protected by the graphite. In contrast the particle 
heads in general seem to be protected from oxidation. 
This suggests that they are buried underneath the 
graphite.
The HRTEM investigations show that the front 
section of the Co nanoparticle, where graphite is 
etched away is faceted in agreement with previous 
studies [22, 25, 30]. The angles between the facets 
are multiples of 30° (Figs. 4(a) and 4(b)). Thus, the 
angles between the facets are commensurate with 
the graphite lattice as observed for the etching 
bend angles. Furthernore, the nanoparticles have 
an asymmetric hemispherical shape. This shape is a 
result of the particle maintaining maximum surface 
contact with the graphite edges at the etching front. 
This can be explained in a similar fashion to the 
catalytic oxidation of graphite, where the mobility 
of the catalyst is attributed to a stronger attractive 
force between the catalyst particle and the carbon 
atoms at the steps than with the carbon atoms in the 
basal plane (weaker van der Waals forces) [41]. The 
asymmetric particle shape at the track tip and the 
formation of crystallographic facets, as observed in 
these studies, highlight this.
At moderate process temperatures (600
775 °C) channels with widths as narrow as 9 nm 
were observed. This is slightly larger than the mean 
particle diameter prior to the reaction of 7 nm. 
The increase in width is due to the asymmetrical 
reshaping of the catalyst during the hydrogenation 
process. This indicates a correlation between the 
channel and the starting catalyst size and provides 
a variable to control channel width. At higher 
process temperatures (e.g., 900 °C), the channel 
width distribution becomes very broad, ranging 
from narrow 4 nm channels to channels with widths 
larger than 50 nm. The reduced diameter particles 
Figure 4 Co particles at the track front: the particles are hcp Co; however, the tail end is usually oxidized. 
Particles tend to have a half moon shape. The Co particles are facetted at the graphite particle interface with 
angles that are multiples of 30°
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arise from particle splitting similar to catalyst 
particle formation from thin films [42], whilst the 
enlarged catalyst particles are attributed to particle 
coalescence. This is consistent with a study by Baker 
et al. in which the mobility of catalyst particles 
residing on graphite in a gaseous environment was 
shown to increase with increasing temperature 
[37]. In addition, there appears to be a dependence 
on the particle size and type of track formed at 
higher temperatures. Small particles were seen to 
still form straight etch paths with sharp quantized 
bends, as found at lower temperatures. Medium 
sized particles began to exhibit a lot of turns in 
their tracks and the tracks themselves showed more 
curvature. The larger particles showed tracks with 
variable widths and often ceased to make tracks, 
but rather etched a region as if rotational movement 
had occurred. Furthernore, the shapes of larger 
particles were more varied. Figure 5(a) presents an 
overview micrograph illustrating these three types 
of etching states, some of which are highlighted in 
Figs. 5(b) and 5(c) to guide the eye. Curved and disk-
like trench formation has been observed previously 
in catalytically etched graphite in an oxygen 
atmosphere and this was attributed to the catalytic 
particles becoming inhomogeneously catalytically 
active due to poisoning by contaminating species 
such as sulphur dioxide [40]. In our studies it is 
hard to argue for selective catalyst poisoning by 
such pollutants at higher temperatures. It might 
be that as particles coalesce, trace quantities of 
oxygen in the catalyst become sufficient to enable 
the formation of oxide phases in the particle that 
lead to local deactivation on the particle and thereby 
halting that region’s motion, and so flipping the 
particle motion, similar to the process described by 
Severin et al. [40]. Furthermore, it is known that at 
the nanoscale the melting point of nanoparticles is 
size-dependent [43]. Thus, another possible cause 
might be the inhomogeneous solidification due to 
the size increase. Again, these possibilities would be 
consistent with rotational movement, similar to the 
poisoning process mentioned above. Further studies 
are required to elucidate this point. Our data show 
that in order to obtain appropriate control over the 
etching process an optimum temperature is required, 
where etch formation occurs at a reasonable rate, but 
catalyst splitting or coalescence does not take place. 
In the case of Co nanoparticles, uniform tracks with 
a reasonable length are formed in the temperature 
range 700 775°C.
Further studies were carried out in which the 
samples were exposed to hydrogen and subsequently 
post-annealed in vacuum. During the hydrogen 
treatment, etch tracks were formed in all cases as 
described above. However, the “inactive” particles 
(those particles that do not etch tracks) upon H2 
treatment showed a different appearance after 
post-annealing in vacuum as compared to those 
where only H2 treatment without post-annealing 
was applied. Figure 6 provides 
micrographs of the different types 
of etch-inactive particles after H2 
treatment and post-annealing 
for comparison. Figures 6(a) and 
6(b) show particles on the flat 
basal graphite plane that have 
undergone H2 treatment only. The 
particles were either completely 
oxidized (Fig. 6(a)) or showed a 
core shell-type structure consisting 
of an inner hcp Co core and an 
oxide shell (Fig. 6(b)). In Figs. 6(c)
6(f), particles that were treated 
in H2 and subsequently left in 
vacuum for 5 min at 775 °C are 
Figure 5 (a) TEM micrograph of a sample H2-treated at 900 °C; (b) magnification of the 
selected region from (a) showing straight narrow tracks with sharp well-defined turns and 
thicker less well defi ned tracks; (c) as for (b) but with several tracks highlighted to guide the eye
(a) (b) (c)
Nano Research
702 Nano Res (2009) 2: 695 705
shown. After this additional annealing treatment, 
approx. 90% of the etch-inactive Co particles were 
found to be encapsulated by graphitic shells (Figs. 
6(c) and 6(d)). Also, a few core shell particles without 
carbon encapsulation (approx. 10%) can be found 
(Figs. 6(e) and 6(f)). As highlighted in Fig. 6(e), the 
particle is surrounded by an etched area (N. B. not 
an etch track). It also consists of an hcp Co core and 
an oxide shell. Figures 6(c) and 6(d) show examples 
of the encapsulated Co particles, where the lattice 
fringes of the (100), (002), and (101) planes of hcp Co 
corresponding to lattice distances of 0.216 nm, 0.202 
nm, and 0.191 nm, respectively, are marked. The 
number of graphene shells around the circumference 
of the Co particle is seen to vary. Closer inspection of 
the particles show that the graphene shells stem from 
the Co particle, as is marked with an arrow in Fig. 
6(d). This opens up a rather intriguing question as to 
how this occurs.
Carbon encapsulated nanoparticles are usually 
formed using synthesis routes involving the vapor-
liquid-solid (VLS) mechanism, such that the 
encapsulation occurs by precipitation of carbon 
species from the catalyst particle. A specifi c example 
is the growth of a carbon nanotube 
from carbon precipitating from a 
catalyst particle [44]. Usually, the 
graphite roots lie at step sites at 
the catalyst particle surface, much 
as we observe in the particles 
in this study. It is reasonable to 
assume a similar process in this 
case, where carbon dissolves 
into a catalyst particle and then 
precipitates out forming graphitic 
shells. Since the graphitic shells 
a re  o b s e r v e d  a ro u n d  e t c h -
inactive particles this suggests 
the source of carbon arises not 
from etching the graphite (as we 
might expect without hydrogen 
being present), but by some other 
means. It probably occurs through 
amorphous carbon species lying 
on the surface, i.e., the graphite 
surface may contain amorphous 
carbon species as has often been observed in HRTEM 
studies of carbon nanomaterials [45]. In addition, 
remnant CH4 (from the hydrogenation process) may 
act as a source of carbon [46]. However, the amount 
of CH4 that might still be present when the reaction 
is halted is very low. We propose that the mobile 
etch-inactive catalyst particles absorb the amorphous 
carbon they come into contact with on the graphite 
surface. Upon cooling, the carbon then precipitates 
out of the particle forming graphitic shells on the 
particles. That the core shell particle resides within 
an etched region (e.g., Fig. 6(e)) supports this 
proposal since the etched graphite surface would 
have been “cleaned” during the etching process and 
would therefore be devoid of a carbon source (viz. 
no graphitic shell formation). Etch-active catalyst 
particles lying at the head of an etch track stop 
moving when the H2 supply is removed. They do 
not absorb carbon and thus do not precipitate shells 
(which they should if a gaseous carbon source, e.g., 
remnant CH4, was available).
The encapsulation of the inactive particles 
also provides information regarding the reaction 
mechanism. As described above, there are two 
Figure 6 (a), (b) TEM micrographs of etch-inactive particles on the fl at basal graphite plane 
after H2 treatment at 775 °C: particles oxidize completely or form core-shell particles. (c) (f) TEM 
micrographs of similar particles after H2 treatment plus an additional 5 min in vacuum at 775 °C: 
many pure hcp Co particles are encapsulated in graphitic shells that stem from the Co particle ((c), 
(d)). A few particles show a core–shell structure with an hcp Co core and an oxide shell ((e), (f)). 
Around these particles one can fi nd an etched area, highlighted orange in (e))
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disputed mechanisms [19, 21]. In the first and most 
commonly accepted, it is postulated that hydrogen 
is adsorbed at the catalyst surface whereupon it 
dissociates into atoms. These atoms can then diffuse 
via bulk and/or surface diffusion to the graphite
particle interface at the head of a channel. The rate 
determining step is argued to be the chemisorption/
dissociation of hydrogen. In the second mechanism, 
it is argued that dissolved carbon diffuses to the 
outer surface and then reacts with hydrogen to form 
methane. This methane-forming surface reaction is 
proposed as the rate determining step [30].
In this study the hydrogenation reaction was 
brought to a rapid halt at the end of each run. In 
all cases, if the catalyst particles contained carbon 
inside them during this rapid cooling process it 
would be expected to either form a carbide or 
precipitate out. We never observed a carbide phase 
in any of the particles we analyzed. However, the 
post-annealing step in which the graphitic layers 
encapsulate inactive particles highlight that any 
carbon within the particles, upon rapid quenching, 
will precipitate out and suggests bulk diffusion of 
carbon in the particles in this instance. The fact that 
after undergoing the hydrogenation reaction only, 
etch-inactive particles do not have graphitic shells 
shows the efficiency with which the hydrogenation 
reaction removes carbon from the Co particles. The 
bulk hydrogen permeation rate is much higher than 
that for carbon (e.g., two orders of magnitude in Ni 
at 700 oC) [30], and hence since no shells are observed 
on particles after the hydrogenation reaction and no 
carbide phases are observed, this indicates that the 
gasification step (CH4 production) occurs at or near 
the surface of the particle. These data point against 
the carbon dissolution mechanism (i.e., the methane-
forming surface reaction being the rate determining 
step). Thus, the rate determining step is probably 
the chemisorption/dissociation of hydrogen. This 
is supported by earlier findings by Keep et al. who 
found that the rate of carbon gasification, i.e., the 
etching rate, is proportional to the external surface 
area of the channeling particle and not to that of 
the leading graphite particle interface [30]. Our 
data are also instructive in that they show CH4 
production occurs over the entire surface of both 
the active and inactive particles, because the carbon 
supply is not solely due to the etching of graphene 
layers at the head of an active particle. In this sense 
all particles are actively producing CH4. However, 
the rate of CH4 production will differ between the 
track-etching particles and the mobile etch-inactive 
particles on the graphite basal plane. For the latter, 
the CH4 production will be proportional to the rate of 
encounter with surface carbon species, whilst track-
etching particles continuously produce CH4. Future in 
situ investigations with, for example, longer vacuum 
treatment times after the hydrogenation treatment 
should provide more insight into this process.
3. Conclusions
Low-voltage HRTEM studies provide a useful means 
of investigating the etching of graphite/graphene 
by catalytic hydrogenation using Co nanoparticles. 
Etch-active particles revealed an asymmetric 
hemispherical shape at the etch front and were 
faceted at the graphite–particle interface. This is 
a result of maintaining maximum surface contact 
with the graphite edges at the etching front. These 
particles were either hcp cobalt or cobalt oxides. 
Furthermore, we were able to directly image the etch 
tracks and identify the crystallographic etch direction 
from HRTEM as predominantly [1010], potentially 
allowing for tailored graphene nanoribbon fabrication 
with armchair edge termination. Additional studies 
in which a post-annealing step was introduced, 
showed etch-inactive Co particles encapsulated with 
graphitic shells. These fi ndings point to an additional 
source of carbon, probably surface carbon species, 
which are mopped up by mobile catalyst particles 
residing on the basal plane. The results point against 
carbon dissolution mechanisms in the catalytic 
hydrogenation process which is in agreement with 
conclusions for oxygen-based graphite etching [22
27]. Our data provide new insight into the catalytic 
hydrogenation of graphite at an atomic level.
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